Polypeptide antibiotics possess bacteriocidal, fungicidal, metal-chelating, and immunomodulating activities. They are frequently found as secondary metabolites or small, secreted proteins produced by various microorganisms, such as the gram-positive bacteria of the genus Bacillus, lactic acid bacteria, and the genus Streptomyces (22, 23, 25, 27, 60) . In Bacillus subtilis, some polypeptide antibiotics, such as bacteriocins, are gene encoded and are synthesized ribosomally while others are produced nonribosomally by the multienzyme thiotemplate mechanism (60) . Bacteriocins such as nisin, produced by Lactococcus lactis, can be used in foods as antimicrobial agents to replace chemical preservatives, such as nitrite (35) , that are potentially hazardous or carcinogenic. As demonstrated in studies of subtilin (B. subtilis), nisin (L. lactis), pediocin (Pediococcus acidilactici), and other known bacteriocins, the bacteriocins of gram-positive bacteria are typically first formed as precursors with reduced biological activity (6, 21, 38) . The C-terminal ends of the precursors are then cleaved from the N-terminal leader sequences to yield the mature, active bacteriocins. In some cases, the precursor polypeptide undergoes posttranslational modifications. The formation of lanthionine and thiazole or oxazole adducts is characteristic of the maturation processes of class 1 bacteriocins (lantibiotics) and microcins of the gram-negative bacterium Escherichia coli, respectively (4, 32) . Transport of the peptides to the external environment is carried out by ATP-dependent efflux protein complexes that are membrane associated (16) . Genes involved in the biosynthesis of bacteriocins are typically organized into operons (21, 28) which include the bacteriocin structural gene and genes whose products function in bacteriocin maturation, export, immunity, and, in some cases, the regulation of operon expression. The operons that encode proteins that function in lantibiotic biosynthesis also contain genes encoding simple signal transduction systems composed of two-component regulatory proteins (6, 26, 29) . These genes mediate a form of positive-feedback regulation that is induced in response to the presence of the lantibiotic (nisin or subtilin).
In B. subtilis, production of and resistance to antibiotics are regulated by the spo0-abrB system of control. The Spo0 phosphorelay is activated by conditions of nutritional stress and high cell density (2, 17, 18) . The signals derived from these conditions are integrated into the phosphorelay and promote the accumulation of Spo0A phosphate, which activates sporulation gene transcription and represses the transcription of the transition state regulatory gene abrB (11, 48, 51) . Mutations in spo0A render B. subtilis cells unable to produce certain antibiotics and confer sensitivity to those antibiotics. A mutation in abrB suppresses this spo0A phenotype (13, 14, 19, 54) , indicating that AbrB exerts negative control of antibiotic production and resistance. AbrB is known to interact directly with the promoter regions of several genes that are normally induced in the transition from exponential growth to stationary phase (44, (48) (49) (50) . The tycA operon, encoding the enzyme tyrocidine synthetase, which catalyzes the synthesis of a cyclic peptide antibiotic, is but one operon that is repressed by AbrB (8, 33) .
Antimicrobial substances produced by a wild strain of B. subtilis isolated from an Oriental fermented food (57a, 58) are currently under investigation in our laboratory. One of these substances was initially identified as a bacteriocin endowed with activity against Listeria monocytogenes and Bacillus cereus. As detailed in this report, an operon required for the observed activity has been identified by insertion mutagenesis. The operon (alb, for antilisterial bacteriocin) consists of seven genes and is preceded by the gene sbo, encoding subtilosin, a modified antimicrobial peptide originally identified by Kurahashi and coworkers (1) . The sbo gene resides in the vicinity of fnr and argS (encoding arginyl-tRNA synthetase) (30) . The peptide product is composed of 32 common amino acids and some unusual residues that are likely the result of posttranslational modifications (Fig. 1) . Comparison of the presubtilosin and mature subtilosin sequences suggests that the Sbo primary translation product may undergo novel modifications. The regulation of sbo-alb was also investigated by using alb-and sbolacZ fusions. A novel form of autogenous regulation that does not involve the product of sbo but instead requires an alb operon product(s) was uncovered.
MATERIALS AND METHODS
Bacterial strains and plasmids. Bacterial strains used in this study are listed in Table 1 . Strain 22a is a wild strain of B. subtilis isolated from an Oriental fermented soybean product (58) . With the exception of wild strain 22a, all strains constructed are derivatives of B. subtilis JH642. The indicator bacterium, L. monocytogenes F4244, was provided by M. Slavik (University of Arkansas). The gene disruption plasmid library, in which 0.5-to 2-kb genome DNA fragments of JH642 were randomly inserted into the vector pJPM1 (31, 47) , was obtained from A. L. Sonenshein (Tufts University). ZB449 is an SP␤-cured strain bearing a frameshift mutation in the abrB gene (59) . TT71 (a gift from T. Tanaka) carries an insertion of a neomycin resistance (Neo r ) cassette (neo) in the abrB gene. To construct the sbo::neo mutant, an EcoRI-HindIII fragment containing the sbo gene along with 512 bp of sequence upstream and 578 bp of sequence downstream of sbo was obtained by PCR with primers osboP1 and osboP2 (Table  2) and was then inserted into EcoRI-and HindIII-cleaved pUC18 (57) . The resulting plasmid, pUC-sboEH, was used as template for a PCR using two partially complementary oligonucleotides (osboP3 and osboP4) specifying a BamHI site within the sbo coding sequence 43 bp downstream of the ATG start codon. The PCR DNA product was then cleaved with BamHI and subjected to intramolecular ligation, yielding pUC-sboEBH. A BglII-BamHI fragment bearing the neo gene from pDG782 (12) was inserted into the BamHI site, and the resulting ligation mixture was used to transform competent cells of E. coli, with selection for Neo r (50 g/ml). The plasmid was purified from the Neo r transformants and used to transform cells of JH642 to create mutant strains ORB3148 (sbo::neo-1) and ORB 3149 (sbo::neo-2). The plasmid DNA recombined with the sbo gene DNA by a double-crossover mechanism by virtue of the homologous sbo DNA fragments flanking the neo insertion cassette. The insertion was confirmed by PCR analysis. The plasmid pE1 was acquired by a spontaneous loopout recombination event that occurred in the isolate obtained in the plasmid disruption library mutagenesis. It contains a 1,178-bp fragment of the alb locus extending from 472 bp upstream to 646 bp downstream of albB (ywhR). Plasmid pE1 was used to transform competent cells of JH642 to yield the alb::pE1 insertion mutant ORB3146.
To construct pMUPE1, a HindIII-BamHI fragment containing the 1,178-bp segment of alb DNA in pE1 was inserted into HindIII-and BamHI-cleaved pMUTIN2 (55). This plasmid was used to transform JH642 and mutant derivatives, with selection for erythromycin resistance. Plasmid pMUALBG, another derivative of pMUTIN2, was constructed by inserting a HindIII-BamHI PCR fragment (generated with primers oywhm-U and oywhm-L) containing bp 22 to 465 of the albG (ywhM) coding sequence into HindIII-and BamHI-cleaved pMUTIN2. The resulting recombinant plasmid was used to transform competent cells of JH642, with selection for erythromycin resistance, yielding strain ORB3231.
Plasmids pTK-sboEH, pTK-sboEBH, pTK-sbo⌬EB, and pTK-sbo⌬BH, all derivatives of pTKlac (24) , were used to construct transcriptional lacZ fusions for analyses of promoter activity and regulation of the sbo gene and alb operon. The EcoRI-HindIII fragments released from pUC-sboEH (carrying the intact sbo gene) and pUC-sboEBH (containing the sbo BamHI allele [see below]) were inserted into EcoRI-and HindIII-cleaved pTKlac to generate pTK-sboEH and pTK-sboEBH, respectively. pTK-sbo⌬EB was a derivative of pTK-sboEBH with a deletion of the EcoRI-BamHI fragment, while pTK-sbo⌬BH was a derivative of pTK-sboEBH with a deletion of the BamHI-HindIII fragment. The plasmid pTK-sbo⌬EB contains the 3Ј half of the sbo gene and the 5Ј end of albA (to bp 442).
The sbo-lacZ fusion plasmids derived from pTKlac were introduced into prophage SP␤c2del2::Tn917::pSK10⌬6 of strain ZB307 by transformation as previously described (59) . Heat-induced lysates containing fusion-bearing phages were obtained and were used to transfer the sbo-lacZ fusions to mutant derivatives of JH642 by specialized transduction.
Isolation of an antilisteria-protein-negative mutant. A plasmid gene disruption library was obtained from L. Sonenshein (47) . The plasmid library was used to transform JH642, with selection for chloramphenicol resistance. Total chromosomal DNA was purified from the pool of transformants and used to transform competent cells of B. subtilis 22a. Chloramphenicol resistant (Cm r ) transformants were then screened for loss of activity against L. monocytogenes F4244. After the transformants were patched onto yeast extract-glucose (YG) plates and incubated for 20 to 24 h at 30°C, the YG cultures were then overlaid with brain-heart infusion semisoft agar (0.8% agar; 25 g of nalidixic acid/ml) containing 0.1 ml of an overnight culture of L. monocytogenes and incubated at 37°C for 18 to 24 h. Of 3,400 resultant colonies, 7 had no zone of inhibition when overlayed with a suspension of L. monocytogenes. To confirm the phenotypic linkage of antilisterial activity and Cm r , chromosomal DNA was prepared from the mutants and used to transform B. subtilis 22a. Mutants that showed 100% transformation linkage between the antilisterial phenotype and plasmid-associated drug resistance were chosen. One of the mutations was transferred to strain JH642 by transformation, using mutant chromosomal DNA, with selection for Cm r . The mutation also conferred an antilisterial-protein-negative phenotype in JH642.
To identify the gene(s) of the mutant locus affecting antilisterial activity in JH642, the integrated plasmid and flanking region were outcloned. Chromosomal DNA of a mutant was digested with EcoRI or HindIII, ligated at a low DNA concentration to facilitate intramolecular ligation, and then used to transform E. coli DH5␣ competent cells. However, the plasmid obtained, pE1, was not generated by restriction endonuclease digestion but rather was a product of a spontaneous loop-out recombination event. The pE1 insert was subjected to nucleotide sequence analysis. 2 O, and 5.0 g of disodium EDTA in 100 ml]) was used to culture strain JH642 for the purification of subtilosin. B. subtilis cells were routinely grown on agar plates containing Difco sporulation medium (DSM) (15) . Cells of lacZ fusion-bearing strains were grown on DSM plus 0.5% glucose (DSM-G) for the time course ␤-galactosidase assay experiments. Solid TSS minimal medium (7) was used to examine auxotrophic phenotypes. E. coli cells were routinely grown in 2ϫ YT (yeast extract-tryptone) medium.
Transformation. Preparation of competent B. subtilis cells and genetic transformation were carried out as previously described (5). Preparation of E. coli competent cells and plasmid transformation were performed according to published procedures (45) .
Assay of ␤-galactosidase activity. All inocula were grown overnight at 37°C on solid DSM supplemented with the appropriate antibiotics. The cells, harvested by washing the plate surface with 2 ml of DSM, then were used to inoculate batch cultures containing either DSM or DSM-G to an initial optical density at 595 nm of about 0.17 or an initial Klett value (red filter) of about 8. The cultures were grown at 37°C in a shaking water bath. Collection of 1-ml samples was started when the culture reached an optical density at 595 nm of OD 595 0.4 or had a Klett reading of around 20. Collection of samples for ␤-galactosidase activity assays continued at 30-min or 1-h intervals. Measurement of ␤-galactosidase activity has been described previously (36) .
Purification of subtilosin. Two hundred milliliters of YG broth was inoculated with a single colony of B. subtilis JH642 and incubated at 32°C with shaking (200 rpm) for 36 h. The supernatant was collected by centrifugation (21,252 ϫ g, 10 min) and adjusted with 1 M Tris buffer (pH 7.5) to 20 mM Tris-HCl (final concentration). The buffered supernatant was filtered through a 0.45-m-poresize syringe filter and subjected to chromatography with an anion-exchange cartridge (5-ml High Q; Bio-Rad). After sample application, the cartridge was washed with 20 mM Tris (pH 7.5) for 20 min (3 ml/min) followed by elution with a linear gradient, starting with 20 mM Tris (pH 7.5) and ending with 1 M NaCl in 20 mM Tris (pH 7.5), over 50 min. Fractions were collected, and those showing inhibitory activity against L. monocytogenes F4244 (between 100 and 200 mM NaCl) were pooled. The pooled fractions were extracted with one-fourth volume of butanol at room temperature for 1 h and allowed to stand overnight at room temperature. The butanol layer was dried by evaporation at 55°C. The residue was dissolved in 1 ml of methanol and subjected to chromatography on a Sephadex LH-20 column (1.5 by 25 cm). Elution was performed with methanol at a rate of 3 ml/min. Fractions (3 ml each) of the first absorption peak (at 280 nm) were pooled, dried by evaporation, and resuspended in 400 l of 20 mM sodium phosphate buffer (pH 7.0).
Subtilosin A activity assay and protein concentration determinations. Antilisterial activity of subtilosin A was determined by the critical dilution assay (58) . Protein concentrations were determined spectrophotometrically by using the Bio-Rad (Hercules, Calif.) protein assay with bovine serum albumin as a standard.
Bioautography of subtilosin by SDS-PAGE. Samples of Sephadex LH-20 eluates were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on 16% gels with Tris-Tricine running buffer. Each sample (10 l) was loaded in duplicate onto the gel. After electrophoresis was conducted at 100 V for 120 min, each lane of the gel was cut vertically. For each sample, one lane was stained with Coomassie blue to visualize the separated protein bands while the other lane was assayed for inhibitory activity against L. monocytogenes F4244 according to the method of Zheng and Slavik (58).
Sequencing and primer extension. Total RNA was purified by the method of Nakano et al. (37) from JH642 and ZB449 cells collected at T 2 (i.e., 2 h after the end of the exponential growth phase) from DSM-G cultures. Primer extension was performed with oligonucleotides osboP4 (hybridizing to nucleotides 20 to 55 of the sbo coding sequence) and ocalbA-L (hybridizing to a sequence within albA from 31 to 61 bp from the TTG start codon). Primer extension was carried out according to published protocols (37) . DNA sequencing was conducted by using a Sequenase version 2.0 kit (U.S. Biochemical Corp.), [␣- 35 S]dATP (ICN), and plasmid pTK-sboEH (as a template).
RESULTS
Studies of the nature of the antilisterial activity produced by the wild strain of B. subtilis known as 22a, isolated from Oriental fermented food (58) , and the standard genetic strain JH642 were conducted. The sbo gene, encoding the bacteriocin subtilosin ( Fig. 1) (1) , and the genes of the alb operon (albA to -G are, respectively, genes ywiA, ywhR, ywhQ, ywhP, ywhO, ywhN, and ywhM, according to the B. subtilis genome sequencing consortium [30] ), which function in the production of an- (58) and JH642 that were defective in production of the antilisterial activity were identified by using a plasmid insertion library constructed by Serror and Sonenshein (47) . The plasmid insertion clone pE1 contains an insert corresponding to the region from albA (ywiA) to albC (ywhQ) (30) and linked by transformation to an fnr::spc marker (Fig. 2) . Sequence analysis revealed that the insertion took place within a cluster of seven genes putatively constituting an operon (Fig.  2 ) that we called alb (for antilisterial bacteriocin).
Immediately upstream of the alb operon is the sbo gene, encoding the 43-amino-acid precursor of the bacteriocin subtilosin (30), which was originally characterized by Kurahashi and coworkers (1) (Fig. 1) . The subtilosin precursor contains no obvious leader peptide sequence, which is normally required for peptide export, nor are there the typical motifs associated with the processing of prelantibiotics. The peptide appears to undergo some unique modifications during maturation. Asn9 is linked to the C-terminal glycine, and Cys21 has been proposed to be linked to Glu31 (1) (Fig. 1A) . Although codons specifying phenylalanine at positions 30 and 39 and Thr at position 36 are present in the nucleotide sequence (Fig. 1B) , the corresponding amino acids are not found in the mature subtilosin peptide (1); this was confirmed by amino acid analysis (described below). It is possible that these residues play some role in intrachain cross-linking. As described further below, mutations in either the alb operon or sbo eliminated the antilisterial activity.
Overlapping with the C-terminal coding end of sbo and residing 93 bp upstream of the albA TTG start codon is a 55-bp sequence that potentially codes for a region of RNA secondary structure (location in the sbo-alb region denoted as T in Fig.  2A ). The stem-loop depicted in Fig. 2C has a ⌬G of Ϫ23.4 and could impede transcriptional readthrough from upstream. A similar structure, found between the mutA gene, encoding mutacin II, and the remainder of the mut operon, is thought to reduce transcriptional readthrough from the upstream mut operon promoter (42) .
The putative coding sequences of the alb operon encode proteins that potentially function in the processing and export of peptides, such as an ATP-binding cassette transport complex (albC) and two processing peptidases. Interestingly, one of these peptidases, the product of albF (ywhN), shows significant sequence similarity to mitochondrial zinc-endoproteinase (3, 20, 39, 41) and to PqqF, a protein required for the synthesis of the cofactor pyrroloquinoline quinone (PQQ). PqqF is thought to cleave the PqqA peptide, thereby releasing glutamate and tyrosine, which are precursors of PQQ (34, 52, 53, 56) . AlbE and the putative peptidase encoded by the gene albF (30) could function in the processing of subtilosin or a protein required for subtilosin maturation. The first gene of the alb operon, albA (ywiA) (30) , encodes a protein with significant homology to those that function in cofactor heme, PQQ, and molybopterin cofactor synthesis (9, 34, 43, 52). The albA product is thought to function in the association of a metal ion with an enzyme-bound cofactor. It is possible that the product of albA (ywiA) activates a metalloenzyme that catalyzes modification of prosubtilosin.
A mutation in sbo confers loss of antilisterial activity. We sought to determine if the sbo gene was required for the observed antilisterial activity. A BamHI-BglII fragment bearing a neomycin resistance cassette was inserted into the sbo gene at the BamHI site, thereby bisecting the sbo gene (see Materials and Methods). The plasmid was used to transform competent cells of JH642 and strain 22a, resulting in the sbo::neo insertion mutation. The colonies of the resulting sbo mutant derivative of JH642 did not exhibit the antilisterial phenotype on YG plates (Fig. 3) . The antilisterial activity of strain 22a was reduced but not eliminated. This was due to the presence of other antilisterial activities produced by 22a. These other, lowlevel activities could be detected in supernatant fluid from liquid cultures of strain 22a (data not shown).
Purification of antilisterial activity and evidence that the bacteriocin subtilosin is the antilisterial agent. Further purification of subtilosin was carried out from supernatant fluid collected from JH642 cultures, since the fluid from strain 22a cultures contained other antilisterial activities that might interfere with subtilosin purification. Supernatant fluid from YG cultures of JH642 was precipitated with 65% (NH 4 ) 2 SO 4 . The precipitate was extracted twice with methanol, evaporated, and subjected to Tricine-SDS-PAGE analysis (46) . A single band migrating at approximately 4,000 Da, which was absent from the sbo::neo-1 mutant and plasmid alb::pE1 insertion mutant cultures (Fig. 3) , was detected. Bioautography was performed by overlaying the proteins of the Tricine-SDS gel with molten soft brain-heart infusion agar in which cells of an overnight culture of L. monocytogenes were suspended. A zone of lysis was observed over the area of the gel where the subtilosin band was located (Fig. 3C) . At this same position in the lanes containing the supernatant of the mutant cultures, no band was evident in the Tricine-SDS gel and no zone of lysis occurred in the bioautograph.
Culture fluid was also subjected to ion-exchange chromatography, and fractions exhibiting antilisterial activity were collected. This material was extracted with butanol, evaporated, dissolved in methanol, and resolved further by Sephadex LH-20 gel filtration column chromatography. The stepwise purification (7.1-fold) is outlined in Table 3 . A single peak running in the early fractions of the void volume possessed the antilisterial activity and contained the 4,000-Da band evident on Tricine-SDS gels (Fig. 4) . The purified substance, found to be greater than 90% pure by high-performance liquid chromatography, was subjected to amino acid analysis, which revealed that its composition was the same as that previously published for subtilosin (data not shown). The identification of the substance as subtilosin was confirmed by Edman degradation sequence analysis (data not shown) of peptide fragments generated by partial acid hydrolysis. Again, no Phe residues were detected despite the fact that there are two Phe codons in the sbo coding sequence. Additionally, only one Thr residue was detected, confirming previously published data (1) .
Expression of alb-lacZ is observed in DSM-G and in sbo::neo mutants. To begin to understand the organization and regula- tion of the sbo-alb genes, the expression of sbo-and alb-lacZ gene fusions was analyzed. The insert of plasmid pE1 was cloned into the gene disruption vector pMUTIN2 (55) . The resulting plasmid (pMUPE1) was introduced by transformation into cells of JH642, thus creating a strain containing a disruption of the alb operon and a transcriptional fusion of the 5Ј end of the operon with the vector-borne lacZ gene. Expression of the fusion was very near background levels in TSS minimal medium with either ammonium or glutamate as the nitrogen source (data not shown). Expression was also at background levels in DSM medium (Fig. 5A ) but was observed to be higher in DSM-G, with activity accumulating in stationary phase. The introduction of the sbo::neo mutation (sbo::neo-1) resulted in high-level expression of alb-lacZ throughout growth (Fig. 5B ), but this only occurred when the neomycin resistance gene was oriented in the same direction as the alb transcription unit. In the reverse orientation, the sbo::neo insertion (sbo::neo-2) showed much-reduced activity. A pMUTIN disruption of the last gene of the operon, albG, using plasmid pMUALBG resulted in reduced antilisterial activity, as judged by the size of the zone of inhibition of albG::pMUALBG colonies on lawns of L. monocytogenes. The level of expression of the albG::pMUALBG fusion was low in DSM-G but was elevated when the sbo::neo-1 mutation was introduced (Fig. 5C ). The sbo::neo-2 mutation did not elevate the level of expression of albG::pMUALBG, indicating that the derepression observed in the sbo::neo-1 mutant was not due to the sbo mutation per se but was likely due to transcription from the neo promoter. The similar responses to the presence of the sbo::neo-1 insertion observed for albG::pMUALBG and alb::pMUPE1 indicate that the two fusions reside in the same transcription unit. The observed transcriptional activity could originate from a promoter residing between sbo and alb, as well as from within the neo gene. The putative transcription termination sequence downstream of the sbo gene would limit transcription from a promoter upstream of sbo, but the fact that transcription from the neo gene is observed to traverse the termination sequence suggests that alb expression in wild-type cells could also be the result of transcription initiation upstream of sbo.
The expression of alb-lacZ is regulated by abrB. The production of and resistance to antibiotics observed for B. subtilis are known to be under the control of the abrB gene (13, 14, 19) , encoding the transition state regulator of late-growth gene transcription (40, 48) . The effect of abrB mutations on the expression of alb::pMUPE1 was examined. The abrB::neo insertion mutation was introduced into the alb::pMUPE1 mutant by transforming competent cells of strain ORB3147 with DNA from strain TT71. The level of expression of alb::pMUPE1 was observed to be nearly 10-fold higher in the abrB mutant (Fig.   FIG. 6. (A) A fragment containing the sbo gene and the 5Ј end of the alb operon was obtained by PCR and inserted into the promoter probe plasmid pTKlac (24) . The EcoRI-BamHI fragment bearing the putative sbo promoter region was deleted to create an alb-lacZ (sbo⌬EB-lacZ) fusion, and the BamHI-HindIII fragment was deleted to create an sbo-lacZ (sbo⌬BH-lacZ) fusion. Additionally, the EcoRI-HindIII fragment containing the entire sbo gene and flanking DNA was inserted into pTKlac to create sboEH-lacZ, while the fragment containing the PCR-generated sboEBH allele was inserted into pTKlac to create the sboEBH-lacZ construct. The fusions thus constructed were inserted into the SP␤ prophage of B. subtilis, using a published protocol. (B) Expression of the phage-borne fusions in cells of strains ORB3158 (SP␤sbo⌬EB-lacZ), ORB3162 (SP␤-sbo⌬BH-lacZ), and ORB3166 (SP␤sboEH-lacZ) grown in DSM-G. T 0 , the time at which exponential growth ceases, is indicated by an arrow. (C) Primer extension analysis of RNA from JH642 and ZB449 (abrB703) cells. RNA was purified from cells of cultures grown to T 2 in DSM-G. On the left is the autoradiograph showing the sequence pattern of a dideoxynucleotide sequencing reaction containing primer osboP4 and pTK-sboEH DNA. Lane 1, primer extension product from a reaction containing JH642 RNA and the osboP4 oligonucleotide; lane 2, primer extension product of the reaction of ZB449 RNA and osboP4 primer. The arrow indicates the primer extension products and the proposed start site of transcription in the sequence at the left. On the right is the nucleotide sequence of the sbo promoter region, with the ATG start codon and Shine-Delgarno (SD) sequence shown. The putative Ϫ10 and Ϫ35 regions of the sbo promoter are underlined. An asterisk marks the transcriptional start site. 5D). These data and data presented below indicate that transcription of the sbo-alb genes is under the negative control of the abrB gene product.
Identification of the sbo promoter region. The BamHI site in the sbo coding sequence of plasmid pUC-sboEBH was used to isolate two fragments, one containing the 5Ј end of sbo and the putative sbo promoter region and the other containing the 3Ј end of sbo and the sbo-albA intergenic region. Both were inserted into plasmid pTKlac (24) , yielding pTK-sbo⌬BH and pTK-sbo⌬EB, respectively (Fig. 6A) . The EcoRI-HindIII fragment of pUC-sboEH containing the entire wild-type sbo gene and flanking DNA was also inserted into pTKlac, as was the EcoRI-HindIII fragment of plasmid pUC-sboEBH. The resulting plasmids were introduced into the SP␤ prophage of strain ZB307 (59) . Transducing phages carrying the fusions were generated and used to lysogenize cells of strain JH642. The level of expression of the SP␤-sboEH-lacZ fusion peaked at 6 Miller units in stationary phase (Fig. 6B) , while the level of expression of SP␤-sbo⌬EB-lacZ was the same as that of the SP␤-pTKlac negative control. The level of expression of the SP␤-sboEBH-lacZ fusion was similar to that observed for the SP␤-sboEH-lacZ construct. The level of expression of the SP␤-sbo⌬BH-lacZ fusion began at 10 Miller units and increased to 30 Miller units in stationary phase. The results suggest that the major promoter of the sbo and alb genes resides upstream of the sbo gene.
This conclusion was supported by the identification of the transcriptional start site of the sbo gene by primer extension analysis. RNA was purified from JH642 cells and from cells of the ZB449 (abrB703) (59) mutant strain collected from cultures grown to T 2 (2 h after the end of the exponential growth phase). Two oligonucleotides were used to generate primer extension products, one (osboP4) hybridizing with the sbo coding sequence beginning at bp 57 and the other, ocalbA-L, hybridizing to bp 35 to 65 of the albA coding region. Using osboP4, a primer extension product was generated whose length indicated the presence of a transcriptional start site residing 45 bp upstream of the sbo ATG (Fig. 6C) . No primer extension product was detected with the ocalbA-L oligonucleotide. The RNA from abrB mutant cells yielded a primer extension product of the same size as that obtained from a reaction containing JH642 RNA and the osboP4 primer, but the product was much more abundant. This result is further evidence that sbo-alb transcription is under the negative control of abrB.
Expression of SP␤-sbo-lacZ is not regulated by subtilosin but is stimulated by alb operon expression. We next investigated the possibility that the sbo gene and alb operon are autoregulated via the subtilosin peptide. DSM-G cultures of the SP␤-sbo⌬BH-lacZ lysogen ORB3162 were treated with subtilosin at a concentration of 7 g/ml before the end of the exponential growth phase. No increase in sbo-lacZ expression was observed other than the normal post-exponential-phase induction of expression (data not shown). The existence of autoregulation was tested again by examining the expression of sbo-lacZ in sbo and alb mutant strains. A heat-induced lysate of SP␤-sbo⌬BH-lacZ was used to lysogenize cells of strains ORB3146 (alb::pE1), ORB3148 (sbo::neo-1), and ORB3149 (sbo::neo-2). sbo-directed ␤-galactosidase activity was measured in cells collected throughout growth and stationary phase in DSM-G. Post-exponential-phase induction of lacZ expression was observed in the ORB3162 (SP␤-sbo⌬BH-lacZ) cultures (Fig. 7B ). The sbo::neo-1 mutant ORB3163, which cannot produce subtilosin but constitutively expresses alb, shows highlevel constitutive expression of SP␤-sbo⌬BH-lacZ. The sbo: neo-2 mutant ORB3164 does not show high-level constitutive expression but exhibits a low level of expression that increases in stationary phase. Disruption of the alb operon with pE1 did not consistently affect SP␤-sbo⌬BH-lacZ expression, suggesting that the defect conferred by the insertion, while eliminating subtilosin production, may not be severe enough to affect sbo transcription. It is also possible that the albA and/or albB gene, the disposition of which is not affected by the pE1 insertion, is responsible for stimulating the expression of SP␤-sbo⌬BH-lacZ. The constitutive expression of phage-borne sbo-lacZ in the sbo::neo-1 mutant suggests that the transcription of sbo-alb is positively regulated by one or more of the alb operon products, which constitute an autoregulatory loop controlling sboalb transcription.
DISCUSSION
The production of an antilisterial peptide by B. subtilis is dependent on the sbo and alb genes, as judged by the phenotypes of three mutant strains, the alb::pE1 operon disruption mutant, the sbo::neo mutant, and the albG::pMUALBG insertion mutant. The albABCDEFG genes are believed to constitute an operon that encodes the proteins that function in presubtilosin processing and subtilosin export. The sbo gene encodes presubtilosin, which is a 43-amino-acid peptide that likely undergoes processing steps that include proteolytic cleavage at the Asn9 residue, modification at the two Phe residues at positions 30 and 39, and modification of Thr36. A cross-link of unusual composition is thought to connect Cys21 and Glu31 (adjacent to the modified Phe residue). Finally, the cyclization of the presubtilosin peptide involves covalent linking of the C-terminal Gly with the N-terminal Asn. The involvement of modified Phe and Glu, along with the similarities revealed by aligning the amino acid sequences of the AlbA and AlbE products with those of proteins that function in PQQ synthesis (which is initiated by a condensation of Glu and Tyr [10] ), suggests that PQQ synthesis and subtilosin processing may proceed through some common reaction mechanisms.
The sbo gene is followed by a sequence resembling a factorindependent transcriptional termination sequence. Yet, transcription can proceed through the sequence, as shown by the introduction of the neo gene upstream of the terminator that drives constitutive expression of the alb::pMUPE1 lacZ fusion. Other bacteriocin biosynthesis operons have a similar organi- zation (21, 42) . The positioning of the terminator (Fig. 2C) between the bacteriocin structural gene and the genes required for processing and export is thought to ensure that the proteins that carry out peptide modification and processing are present in small, catalytic amounts while the peptide substrate is produced in larger quantities. Transcription from the neo fragment can drive expression of the alb genes, including the last gene of the operon, albG. No promoter activity could be detected in the sbo-alb intergenic region by measuring lacZ activity of the SP␤-sbo⌬EB-lacZ cells or by primer extension analysis. However, we cannot rule out the possibility that within this region there is a weak promoter that is utilized under specific growth conditions. The major transcriptional start site for sbo-alb lies upstream of the sbo gene and is associated with a sequence resembling promoters utilized by the A form of B. subtilis RNA polymerase (Ϫ35 TTGAAT [17bp]Ϫ10 TAAGAT [ Fig. 6C]) . Strong evidence that sbo-alb is under the negative control of the global transition state transcriptional regulatory protein AbrB is presented here. In support of this conclusion is the observation that spo0A mutant cells, in which the AbrB protein is overproduced, do not exhibit antilisterial activity (data not shown). As with other AbrB-controlled genes, we would expect to find that AbrB protein directly interacts with the sbo promoter, thereby preventing RNA polymerase from establishing contacts with the Ϫ35 and Ϫ10 sequences.
Another form of regulation was revealed by examining the expression of SP␤-sbo⌬BH-lacZ in sbo and alb mutant strains. The sbo::neo-1 insertion was observed to drive the high-level constitutive expression of alb-lacZ (alb::pMUPE1). This mutation also caused constitutive expression of the sbo⌬BH-lacZ fusion positioned in the SP␤ prophage, while the sbo::neo-2 insertion did not. Disruption of the sbo gene did not cause a decrease in the level of sbo-lacZ expression, and addition of subtilosin to cultures of low cell density did not stimulate expression. From these observations, we conclude that unlike the situation in the case of the nis or spa operon, the exogenous presence of the bacteriocin encoded by sbo does not stimulate expression of sbo. However, a form of positive autoregulation appears to exist, and it involves one or more of the alb gene products. The alb::pMUPE1 lacZ fusion has very low activity, which is likely due to the fact that the alb operon is disrupted by the fusion and there is no positive autoregulation. This can be suppressed by introduction of an abrB mutation (Fig. 5D) , suggesting a link between the regulatory function of alb and AbrB activity.
The regulation of sbo-alb is more complex, however, since it is subject to control exerted by factors that regulate anaerobic gene expression, including ResDE and Fnr (37a). How these factors interact with those functioning in autoregulation and AbrB-dependent control presents an interesting problem for further investigation.
